ABSTRACT Poultry feed is a potential vector for pathogens. Heat processing and organic acid treatments may decontaminate feed and can affect bird performance as well as feed digestibility. The present study was performed to investigate the effect of different thermal treatments including pelleting (P), longterm conditioning at 85°C for 3 min (L), or expanding at 110°C (E110) and 130°C for 3 to 5 s (E130) without or with 0.75 and 1.5% organic acid supplementation (63.75% formic acid, 25.00% propionic acid, and 11.25% water) on performance, nutrient digestibility, and organ weights of broilers. In total, 960 one-day-old broiler chicks were randomly assigned to 8 replicates using a 3 × 4 factorial arrangement. Performance variables were determined, and the relative organ weights and ileal and total amino acid (AA) digestibilities were measured at d 35. The organic acid inclusion linearly improved feed efficiency in the first week (P ≤ 0.05). The acid inclusion levels and thermal treatments had no significant effect on the performance variables at later intervals of the growing period of the birds. The L group showed the lowest ileal AA and CP digestibility. The inclusion of organic acids had a quadratic effect on total and ileal digestibility of isoleucine (P ≤ 0.05), whereas it had no significant effect on the ileal digestibility of other AA and nutrients. The relative weights of the jejunum and small intestine were significantly higher in the E130 group compared with P and L (P ≤ 0.05). In conclusion, our study demonstrated that long-term heat conditioning can decrease ileal nutrient digestibility, whereas pelleting and expansion, independently of organic acid addition, seemed to have no negative impact on broiler performance and nutrient digestibilities. Moreover, adding a blend of organic acids to broiler diets had neither positive nor negative effects on nutrient digestibility and final broiler performance. This indicates the feasibility of short-term thermal treatment and acid supplementation for hygienization of broiler feed without negatively influencing performance.
INTRODUCTION
Microbial contamination of feed can occur during harvesting, handling, transportation, processing, and storage (Mahrous et al., 2001; Maciorowski et al., 2006) and can remain in stored feed for months (Davies and Wray, 1995) . For instance, a direct correlation between the presence of Salmonella in poultry feed and their isolation on carcasses was observed by Bains and MacKenzie (1974) . Feed is a potential infection source for animals, especially for chickens, even if other routes seem to be more important (Binter et al., 2011) . Feed hygiene is an essential part in safe poultry production, as over 50% of all traceable human cases of salmonellosis have been associated with the consumption of eggs and other poultry products (Ebel et al., 1992) .
The need for biological safety of poultry products initiated a worldwide search for effective solutions, which would be economically efficacious and have no negative effect on animal welfare, performance, and consumer health. Several studies have shown the potential of thermal treatments to reduce microbial contaminations of feedstuffs (Mossel et al., 1967; Furuta et al., 1980; Jones et al., 1991; Veldman et al., 1995) and to improve the nutritional value of animal feeds (D'Mello, 1991) . The efficacy of thermal treatments is influenced by the contaminating agent (Ricke, 2005) , feed components (Doyle and Mazzotta, 2000) , water activity (Mossel et al., 1967; Liu et al., 1969) , and process variables such as pressure (Jones, 2011) , temperature (Mossel et al., 1967) , and processing time at a given temperature (van Schothorst and Brooymans, 1982) . Pelleting was demonstrated to reduce feed-borne pathogens and the bacterial load in feed (Mossel et al., 1967; Cover et al., 1984; van Immerseel et al., 2009 ). Furthermore, pelleting may increase feed intake (FI) and efficiency as well as improve nutrient digestibility due to its effect on starch gelatinization, protein denaturation, and greater accessibility of nutritional components to digestive enzymes (Abdollahi et al., 2013) . In terms of thermal processing of the poultry feed, pelleting can be combined with the expansion processes. Benefits of expanded feed include improvements in animal performance, improved feed hygiene, and technological advantages such as higher pellet stability (Fancher et al., 1996) .
Feed treated with heat is at risk for recontamination during the cooling process. Chemical treatments are often used for feed conservation (Matlho et al., 1997) and both strategies may act synergistically (Tabib et al., 1984) . Organic acids are often used in feed production to reduce bacterial contaminations and to prevent recontamination (Martin and Maris, 2005; Ricke, 2005) . The primary antibacterial effect of organic acids is due to their ability to disrupt intracellular pH regulation, which leads to lower viability of bacteria (Cherrington et al., 1991; van Immerseel et al., 2006) . It was reported that organic acids, apart from their antimicrobial activity, reduce the digesta pH, improve digestive enzyme and microbial phytase activity, and also can have other beneficial effects on gastrointestinal function (Jongbloed et al., 2000; Dibner and Buttin, 2002) .
Thermal processing decontaminates feed, while simultaneously affecting its digestibility and subsequent performance. Organic acid supplementations conserve feed from subsequent contaminations and may simultaneously affect gut function and the feed digestion process. However, the interactions of different thermal processes and organic acid levels have not been investigated to date. Despite a promising nutritional effect, there is little information assessing the effect of organic acid supplementation, solely or in combination with thermal processing, on performance and particularly feed digestibility in broilers. Therefore, the present study was performed to investigate the effect of different thermal treatments and organic acid levels and their interactions on hygienic status of broiler feed and on performance and feed digestibility in broilers.
MATERIALS AND METHODS

Birds and Experimental Design
The experimental protocol was approved by the State Office of Health and Social Affairs Berlin (LAGeSo Reg. No. 0113/11).
Nine hundred sixty 1-d-old male broiler chicks (Cobb 500) from a commercial hatchery (Cobb Germany Avimex GmbH, Wiesenena-Wiedemar) were randomly allocated into ninety-six 1.20 m × 1.75 m pens with a softwood shaving floor. The temperature was 33°C for the first week of the experiment, after which the temperature was gradually reduced by 3°C per week until reaching 24°C. The lighting program consisted of full time light for the first 3 d and 20 h of light until d 7 and 16 h of light thereafter. All birds had free access to water and the experimental diets.
The experimental period lasted 35 d. Birds were fed a starter (1 to 21 d) and a grower (22 to 35 d) diet. The diets were formulated to meet or exceed recommendations of the Society of Nutritional Physiology (GfE, 1999) . The grower diet contained 2 g/kg of titanium dioxide (TiO 2 , Sigma Aldrich, St. Louis, MO) as an indigestible marker to permit determination of ileal and total apparent nutrient digestibilities. The diets of each phase were kept isocaloric and isonitrogenous. The composition of the experimental diets is shown in Table  1 and the amino acid (AA) concentration of grower diets is shown in Table 2 .
In a 2-factorial arrangement, feed was treated with 3 different levels (0, 0.75, and 1.5%) of a commercial product containing 63.75% formic acid, 25.00% propionic acid, and 11.25% water (Lupro-Cid, BASF SE, Ludwigshafen, Germany) and 4 different types of thermal processing: steam conditioning at 70°C, and subsequent pelleting (P), long-term conditioning at 85°C for 3 min followed by pelleting (L), expansion at 110°C for 3 to 5 s (E110), and expansion at 130°C for 3 to 5 s (E130).
Using a 3 × 4 factorial arrangement, 12 different diets were randomly assigned to birds within pens (8 pens per diet).
Feed Production
Feed components were weighed manually and mixed in a twin-shaft paddle mixer for 3 min (Type 300 LTR, Dinnissen B.V., Sevenum, the Netherlands) to produce a total of 3 starter and 3 grower primary diets. After mixing, the diets were subjected to organic acid supplementations. Therefore, Lupro-Cid was sprayed onto the supplemented diets during continuous mixing.
Pelleting. During short-term steam conditioning, the temperature of the feed exiting the conditioner (Type M-Mix, Simon-Heesen B.V., Boxtel, the Netherlands) was maintained at 70°C. The conditioned feed was pelleted using a ring die pellet press (type Monoroll Labor, Simon-Heesen B.V.) with a die channel diameter and length of 3 and 60 mm, respectively. The pressed material was cooled on a belt cooler (Fördertechnik GmbH, Mülheim/Ruhr, Germany) to ambient temperature within 15 min.
Long-Term Conditioning and Pelleting. Prior to pressing, diets were preconditioned in a twin-screw preconditioner (Neuhaus, Delmenhorst, Germany) using steam and subsequently subjected to long-term conditioning in a closed container with a heated jacket and a constant throughput. The diets were heated to 85°C for 3 min. The conditioned feed was immediately introduced into the pellet press and pelleted as described above.
Expanding. Diets were introduced into an expander (type OE 8, Amandus Kahl GmbH & Co. KG, Reinbek, Germany) and processed at 110 and 130°C. The feed exited the expander through 3 mm-outlet nozzles and formed strands, which were cut to pellet-shape by rotating blades. The feed was cooled to ambient temperature on a belt cooler (Fördertechnik GmbH) within 15 min. The moisture content was reduced by using preheated air in 1 of the 4 segments of the cooler.
After production, the pelleted and expanded feed was crumbled using a roller mill (type A2-E, MIAG, Braunschweig, Germany) with a milling gap of 3 mm to homogenize particle sizes.
Decontamination Trial
To investigate the effect of applied acid and thermal treatments on hygienic status of broiler feed during the feed production process, 15 grower feed and 15 starter feed samples were collected from each different stages of the production process and sent overnight to an external laboratory (BfUL, Nossen, Germany) for microbial investigations. A total of 15 samples included the 3 mash forms of the feed (primary diet without acid, primary diet with 0.75% acids, and primary diet with 1.5% acids) and all 12 experimental diets.
The cell numbers of the following groups were counted according to standard methods (VDLUFA, 2012) : product typical bacteria (Flavobacteria, Pseudomonas spp./Enterobacteriaceae), spoilage-indicating bacteria (Bacillus spp., Staphylococcus spp., Micrococcus spp., and Streptomyces spp.), product-typical molds (Cladosporium spp., Verticillium spp., Acremonium spp., Fusarium spp., Aureobasidium spp., and other typical molds), spoilage-indicating molds (Aspergillus spp., Penicillium spp., Scopulariopsis spp., Wallemia spp., Mucorales, and other spoilage-indicating molds), and yeasts.
Performance Measurements
The live BW of the birds were recorded at the beginning (d 1), and at d 7, 21, and 35 of the experiment. The FI was recorded weekly and the feed conversion ratio (FCR) was calculated. 
Relative Organ Weights and Nutrient Digestibility
At d 35, in total 8 birds per pen were slaughtered for relative organ weights and nutrient digestibility investigation.
Relative Organ Weights. At the beginning, 2 birds per pen with a BW close to the pen average were randomly selected, weighed, stunned, and killed by exsanguination. Carcasses were dissected immediately after slaughtering. The proventriculus, gizzard, duodenum, jejunum, ileum, cecum, and pancreas were removed and weighed. The organ weights were obtained from 16 birds per treatment and expressed as a percentage of live BW.
Nutrient Digestibility. To ensure sufficient sample collection for planned analysis, another 6 birds per pen were randomly selected, stunned, and killed by exsanguination. The ileum was dissected from Meckel's diverticulum to the ileo-ceco-colic junction and the digesta was collected from the distal two-thirds for the ileal apparent digestibility analysis of CP, crude fat, and AA. The contents of the large intestine (from the ileo-ceco-colic junction to the cloaca) were collected to analyze the total apparent digestibilities of CP and AA. The digesta of all 6 birds within one pen were pooled and immediately frozen (−80°C) until further analysis.
Chemical Analysis
The collected digesta of birds were freeze-dried before chemical analysis.
Weende proximate nutrients (CP, crude fiber, and crude fat) in the feed and in the digesta were determined using standard procedures according to Naumann and Bassler (2004) .
The calcium content of the feed was determined by atomic absorption spectrometry in an AAS Vario 6 spectrometer (Analytik Jena, Jena, Germany). Phosphorus was measured using the ammonium vanadate/ molybdate method (Gericke and Kurmies, 1952) .
Titanium dioxide contents in the diets and the digesta were measured according to the method described by Short et al. (1996) .
For AA digestibility, AA analyses were performed after hydrolysis of lyophilized samples in 6 M aqueous HCl at 110°C for 24 h (VDLUFA, 2003) . Methionine and cysteine were measured after oxidation (H 2 O 2 /formic acid). An analyzer type Biochrom 20 Plus (Amersham Pharmacia Biotech) was used following standard procedures.
Statistical Analysis
All data were subjected to ANOVA using the GLM procedure of SPSS 19.0 (SPSS Inc., Chicago, IL) as a 3 × 4 factorial arrangement of treatments that included 3 organic acid levels (0, 0.75, and 1.5%) and 4 different types of thermal treatments (P, L, E110, and Commercial organic acid product containing 63.75% formic acid, 25% propionic acid, and 11.25% water (Lupro-Cid, BASF SE, Ludwigshafen, Germany). E130) as the main effects plus their interaction. Orthogonal polynomial contrasts were used to examine 3 organic acid levels (0, 0.75, and 1.5%). The treatment means were separated by the least squares difference test. Treatment differences were considered significant at P ≤ 0.05. The pen was the experimental unit for all variables measured.
RESULTS
Decontamination Trial
The applied treatments reduced all of the investigated microorganisms (Tables 3 and 4 ), such that the product-typical and spoilage-indicating molds in the starter feed and the product-typical and spoilage-indicating molds, Staphylococcus spp., Micrococcus spp., Streptomyces spp., Mucorales, and yeasts in the grower feed decreased to less than 100 cfu/g of feed.
Broiler Performance
The effects of the thermal processing and acid inclusion levels on BW gain (BWG), FI, and FCR are shown in Table 5 .
At d 7 of age, the organic acids in the diet linearly improved FCR (P ≤ 0.05). However, the acid inclusion levels had no significant effect on BWG and FI at 7, 21, and 35 d of age and FCR at 21 and 35 d of age (P > 0.05).
No effects of the thermal treatments were observed on BWG, FI, and FCR at 7, 21, and 35 d of age (P > 0.05).
Apparent Ileal and Total Nutrient Digestibility
The apparent ileal and total digestibilities of crude fat, protein, and AA in broilers at d 35 are presented in Tables 6 and 7 , respectively. Due to the insufficient sample availability, the total digestibilities of crude fat, methionine, and cysteine were not measured.
The apparent ileal digestibilities of CP and AA, except cysteine, were lowest in the group L (P ≤ 0.05). For acid inclusion levels, a quadratic effect was observed for ileal digestibility of isoleucine (P ≤ 0.05). The experimental diets had an identical apparent ileal digestibility of crude fat (P > 0.05). The interaction of heat and acid was significant for ileal digestibilities of valine, isoleucine, leucine, histidine, lysine, arginine, and proline (P ≤ 0.05). Within group P, the inclusion of 1.5% organic acid impaired the apparent ileal digestibilities of valine, isoleucine, leucine, histidine, lysine, arginine, and proline (P ≤ 0.05). However, organic acid supplementation improved ileal digestibility of these AA within group L (P ≤ 0.05), and had no significant effect within groups E110 and E130. For all of these AA, the L+0% acid group showed the lowest ileal digestibility (Table 6) . Commercial organic acid product containing 63.75% formic acid, 25% propionic acid, and 11.25% water (Lupro-Cid, BASF SE, Ludwigshafen, Germany).
2 Product-typical bacteria (Flavobacteria, Pseudomonas spp./Enterobacteriaceae).
3 Product-typical molds (Cladosporium spp., Verticillium spp., Acremonium spp., Fusarium spp., Aureobasidium spp., other typical molds).
4
Spoilage-indicating molds (Aspergillus spp., Penicillium spp., Scopulariopsis spp., Wallemia spp., other spoilage-indicating molds). Commercial organic acid product containing 63.75% formic acid, 25% propionic acid, and 11.25% water (Lupro-Cid, BASF SE, Ludwigshafen, Germany).
Spoilage-indicating molds (Aspergillus spp., Penicillium spp., Scopulariopsis spp., Wallemia spp., other spoilage-indicating molds). Commercial organic acid product containing 63.75% formic acid, 25% propionic acid, and 11.25% water (Lupro-Cid, BASF SE, Ludwigshafen, Germany). Commercial organic acid product containing 63.75% formic acid, 25% propionic acid, and 11.25% water (Lupro-Cid, BASF SE, Ludwigshafen, Germany). Commercial organic acid product containing 63.75% formic acid, 25% propionic acid, and 11.25% water (Lupro-Cid, BASF SE, Ludwigshafen, Germany).
The total digestibilities of CP and AA did not differ among the thermal treatment groups (P > 0.05). In terms of total digestibilities of CP and phenylalanine, the results revealed a significant linear trend in response to organic acid inclusion (P ≤ 0.05). Furthermore, acid inclusion levels had a quadratic effect on total digestibility of isoleucine (P ≤ 0.05).
The total digestibilities of serine, glutamic acid, and phenylalanine were significantly affected by the interaction of heat and acid (P ≤ 0.05). The total digestibilities of serine, glutamic acid, and phenylalanine in the E110+0% acid group were significantly lower than in the other groups (P ≤ 0.05). No further clear and constant trends were observed among these 12 groups, and the observed trends in ileal digestibility were not observable anymore (Table 7) .
Relative Organ Weights
The relative weights of the proventriculus, gizzard, duodenum, ileum, cecum, and pancreas did not differ among the treatment groups (Table 8 ). The relative organ weights of the jejunum and the small intestine were significantly (P ≤ 0.05) higher in the E130 group (1.18 and 2.65%, respectively) compared with the P (1.08 and 2.44%, respectively) and L (1.11 and 2.45%, respectively) groups. The acid inclusion levels did not markedly affect the relative organ weights (P > 0.05).
DISCUSSION
Thermal treatments and the addition of organic acids are often used in the production of feed for broilers. Both can improve the stability and hygiene of feed, can affect the chemical and physical characteristic of constitutive ingredients, and may have positive effects on animal performance (Dibner and Buttin, 2002; Abdollahi et al., 2013) . In terms of thermal processing, there is no uniform effect of such measures because the processing conditions, particularly the time, temperature, and mechanical influences during the treatments, as well as the feed composition, can greatly affect the outcome (Abdollahi et al., 2013) . Regarding organic acid supplementation, the beneficial observations are not consistent because the benefits of organic acids are related to several variables including type of organic acid used, dosage, buffering capacity of dietary ingredients, as well as cleanliness of the production environment (Dibner and Buttin, 2002) . The interaction of thermal processing methods and the addition of organic acids have not been widely studied. The present study investigated the effect of different thermal treatments including pelleting, long-term conditioning, and expanding at 2 different temperatures and also different organic acid inclusion levels and their interactions on hygienic status of broiler feed and on broiler performance, feed digestibility, and organ weights.
In agreement with the findings of other studies, the results of the decontamination trial in the present study Commercial organic acid product containing 63.75% formic acid, 25% propionic acid, and 11.25% water (Lupro-Cid, BASF SE, Ludwigshafen, Germany).
showed that the applied thermal processes and organic acid inclusion levels were effective treatments for the decontamination of broiler feed (Mossel et al., 1967; Cover et al., 1984; Israelsen et al., 1996; Martin and Maris, 2005; Ricke, 2005; Okelo et al., 2006; van Immerseel et al., 2009) .
In the present study, the different thermal processes had no significant effect on broiler performance (P > 0.05). In a study in which a pelleted or extruded-pelleted feed was fed to broiler chickens, birds fed a crumbled extruded starter diet had a higher BWG compared with those fed a crumbled pelleted starter diet. Furthermore, because of the lower density of extruded feed, broilers fed extruded feed weighed less per unit volume than those fed pelleted feed (Jones et al., 1995) . The broiler chickens fed an expanded-pelleted diet had lower BW and better FCR compared with those fed a pelleted diet (Smith et al. 1995) . Average daily weight gain and ADFI were higher for broiler chickens fed pelleted diets compared with those fed expanded diets (Lundblad et al., 2011) . The results of our study were in agreement with studies showing no significant differences in final BW and FCR between broilers fed pelleted and expanded feed (Nissinen et al., 1993; Peisker, 2006) .
It was shown that high temperatures negatively affect nutrient availability and positively affect pellet quality (Abdollahi et al., 2013) . Furthermore, it was demonstrated that a remarkable effect on pellet quality was attributed to the main ingredient of the diet (wheat or corn) itself; incorporating corn resulted in a pellet durability index of, on average, 57.6%, whereas wheat resulted in a durability of, on average, 90.7% (Stevens, 1987) . On the other hand, expanding increased dietary energy in corn-soy diets and improved starch gelatinization and subsequent pellet quality in wheat-or barley-based diets (Peisker, 1994; Behnke and Beyer, 2002) , whereas it enhanced solubility of NSP in wheat-or barley-based diets (Peisker, 2006) , which could cause increase in gut viscosity and have negative impacts on the performance of broiler chickens. It was demonstrated that the results regarding the effects of thermal processes on broiler performance are inconsistent (Peisker, 2006; Abdollahi et al., 2013) and this inconsistency might be due to the differences in the proportion of specific feed ingredients in the experimental diets (oil content; being wheat-, corn-, or barley-based diets; and so on) or could be due to differences in applied machinery, processing temperatures, time, and so on (Peisker, 2006; Abdollahi et al., 2013 , Liu et al., 2013 . In fact, the interaction between constitutive feed ingredients of the diet and thermal conditioning variables such as machinery, temperature, pressure, time, and steam determines the chemical reactions between nutrients, the adhesive properties on the surfaces of feed particles, and the final physicochemical structure of the feed. The experimental diets of the present study were maize-wheat-soy-based, and different temperatures, machineries, and technologies were used to produce the final diets. Therefore, the reason for present performance results might be that the quality improvement caused by conditioning temperatures compensated its negative impacts on the nutrient availability of the feed.
The ileal apparent digestibilities of CP and AA, except cysteine, in the current study were negatively affected by the long-term heat conditioning (P ≤ 0.05). The clear trends that were observed regarding ileal digestibilities of CP and AA were not supported by the total digestibility results. In agreement with the findings of other studies, the present study showed that the digestibility values measured at the distal two-thirds of the ileum provide a more reliable measure of AA availability than those measured in the excreta or even in the digesta of the large intestine before the cloaca (Johnson, 1992; Ravindran et al., 1999; Kadim et al., 2002; Kluth et al., 2005) . There is a dearth of information on performance and AA digestibility of long-term conditioned feed in poultry and other monogastric animals. In the current study, in contrast to the ileal apparent digestibilities of CP and AA, the performance was not negatively affected by the thermal treatments, indicating that the total amount of AA digested in the ileum was sufficient to cover the requirements of the birds at high growth rates. The safety margins for AA recommended allowances for broiler chickens are obviously high enough to cover the observed differences in AA digestibility of the present study.
The effective processing factors of long-term conditioning in the current study, including applying direct heat to the feed encountered by steam, were similar to the effective processing factors of the toasting process (designed to reduce the antinutritional factors of oilseeds) in previous reports (Newkirk and Classen, 2002; Newkirk et al., 2003) . In the study, which compared the AA digestibility of toasted and nontoasted canola meals in broiler chickens, it was demonstrated that the Maillard reaction occurred during processing, and the extent of the Maillard reaction was shown by the lower lysine content and digestibility of toasted canola meal (Newkirk et al., 2003) . Elevated temperatures in combination with moisture would provide favorable conditions for the Maillard reaction to occur (Mauron, 1981) . Moreover, high temperatures may cause marked degradation of the most heat-labile AA, lysine, followed by threonine, arginine, and serine (Papadopoulos, 1989) . Several former studies have shown that overheating has a negative impact on protein and AA digestibility, particularly lysine (Wang and Parsons, 1998; Martinez Amezcua and Parsons, 2007) . Among treatments in the current study, E130 had the highest temperature profile. The high temperature of the expansion process is not the only prerequisite for the reactions (Coelho, 1994) ; other variables such as the processing time and available water should be taken into account (Stern et al., 1985; Cheftel, 1986; Cleale et al., 1987) . Based on our findings, it can be concluded that the short-term thermal treatment had no detrimental effects on feed digestibility and peak temperature might be less important compared with the effective processing time.
The use of organic acids, especially formic and propionic acid, as feed additives in broiler nutrition is practically important for feed preservation; however, whether they have nutritional or health benefits is debatable (Canibe et al., 2001; Ricke, 2003; do Vale et al., 2004) . The variables such as buffering capacity of dietary ingredients, the high buffering capacity of the chicken intestine, the presence of other antimicrobial compounds, the hygienic status of production environment, and finally the heterogeneity of the gut microbiota make the benefits of organic acids less predictable (Dibner and Buttin, 2002 ).
In the current study, the acid inclusion levels did not significantly affect performance variables after the first week; however, FCR at 7 d of age linearly improved (P ≤ 0.05). A blend of 5 g of formic acid/kg and 2.1 g of propionic acid/kg had no significant effect on performance after the second week of life (Isabel and Santos, 2009) . A similar observation was reported in the study in which 5 or 10 g of formic acid/kg was used. Under hygienic conditions, dietary formic acid did not have a clear positive effect on performance, even if there was a very slight positive effect on the ileal digestibility of the DM (Hernandez et al., 2006) . In the study, in which a buffered propionic acid was fed continuously at 0, 0.2, 0.4, and 0.8% levels to broiler chickens, no negative effect on growth and feed utilization was observed (Izat et al., 1990b) . Regarding acid inclusion levels below 1%, our results seem to be in agreement with other studies (Kaniawati, 1993; do Vale et al., 2004; Isabel and Santos, 2009 ). In a study in which broiler chickens received 0, 0.25, 0.50, 1.0, and 2.0% of a formic acid (70%) and propionic acid (30%) mixture, it was demonstrated that the effective doses of this mixture for the control of Salmonella did not affect chicken performance and the 1% organic acids inclusion in the diet resulted in a performance similar to that of untreated birds (do Vale et al., 2004) . Similarly to this study, the supplementation of broiler diets with a blend of 80% formic acid and 20% propionic acid at the 1% level (Kaniawati, 1993) , and 1% formic acid or 1.45% calcium formate (Izat et al., 1990a) , did not affect BWG and FCR in broilers at d 42. Little or no response to feed additives and growth promoters seems to be expected at high performance, but with less favorable conditions, the response might increase (Cole, 1991) . In contrast with our results, it was shown that ammonium formate or calcium propionate (3 g/kg of diet) supplementation improved BWG at d 21 and FCR at d 42, whereas no significant differences for BWG were observed at d 42. It was reported that use of these organic acid salts in broiler diets lowered FI, but the BWG was comparable with control birds and thus improved FCR (Paul et al., 2007) .
The total digestibilities of CP and phenylalanine linearly increased in response to organic acid inclusion (P ≤ 0.05). Furthermore, the inclusion of organic acids had a quadratic effect on the total and ileal digestibility of isoleucine (P ≤ 0.05); however, the organic acid inclusion had no significant effect on the total and ileal digestibilities of other AA and nutrients. To our knowledge, there are no reports regarding the effect of propionic acid, formic acid, or their mixture on AA digestibility in broiler chickens.
The inclusion of organic acids had no significant effect on relative organ weights. The reasons for this finding are not clear, but an explanation for this finding and also the similarity in digestibility of most AA may be provided by taking into account that only little dietary formic or propionic acid reaches the lower parts of the digestive tract, and therefore their effect on pH and bacterial population are limited to upper parts of the digestive tract, particularly crop and gizzard (Hume et al., 1993; Thompson and Hinton, 1997) .
The significant interaction of heat and acid for ileal digestibilities of valine, isoleucine, leucine, histidine, lysine, arginine, and proline (P ≤ 0.05) caused different tendencies within thermal treatment groups in response to acid inclusion levels (Table 6 ). Furthermore, the total digestibilities of serine, glutamic acid, and phenylalanine in the E110+0% acid group were significantly lower than in other groups ( Table 7) . The reasons for these unexpected contradictory findings in the current study are not clear.
In conclusion, our study demonstrated that longterm heat conditioning can decrease the ileal nutrient digestibility, whereas pelleting and expansion, independent of organic acid additions, seem to be less critical. Moreover, adding a blend of formic and propionic acid to broiler diets does not have positive or negative effects on nutrient digestibility and final broiler performance. This indicates the feasibility of short-term thermal treatment with acid addition for hygienization of broiler feed with no negative effects on performance and nutrient digestibility.
